Lentiviral vectors are promising vaccine vector candidates that have been tested extensively in preclinical models of infectious disease and cancer immunotherapy. They are also used in gene therapy clinical trials both for the ex vivo modification of cells and for direct in vivo injection. It is therefore critical to understand the mechanism(s) by which such vectors might stimulate the immune system. We evaluated the effect of lentiviral vectors on myeloid dendritic cells (DC), the main target of lentiviral transduction following subcutaneous immunization. The activation of DC cultures was independent of the lentiviral pseudotype but dependent on cell entry and reverse transcription. In vivo-transduced DC also displayed a mature phenotype, produced tumor necrosis factor alpha (TNF-␣), and stimulated naive CD8
Anticancer immunotherapy is based on enhancing the immune response to tumor cells. To achieve this, it is of paramount importance to break the strong tolerogenic mechanisms that are in place due to the fact that tumor-associated antigens are frequently self-derived proteins. In addition, tumors can actively induce immune suppression. Fortunately, the idea of active immunotherapy against cancer has been invigorated by our growing knowledge of tumor immunology.
Tumor antigens are recognized by T cells, and the latter can mediate tumor cell lysis (5) . Furthermore, antigen-presenting cells, in particular dendritic cells (DC), are the mediators of such immune responses (40) . Therefore, DC loaded ex vivo with tumor antigens have been exploited as anticancer vaccines (42) , and the in situ delivery of tumor antigens to DC is being evaluated. In this regard, the use of lentiviral vectors is promising. Several groups have demonstrated the in vivo transduction of DC (14, 19, 36, 44) and have shown with different tumor models that this results in strong antigen-specific cytotoxic T-lymphocyte (CTL) responses (11, 12, 14, 19, 29, 31, 32, 36, 39, 44) . These responses are superior to those induced by ex vivo-transduced DC and result in delayed tumor outgrowth (12) . These data indicate that lentiviral vectors or components present in the lentiviral preparation are immunogenic, leading to the delivery of the transgene as well as signals that activate strong adaptive immune responses.
Several groups have suggested a role for plasmacytoid DC (pDC) in lentivirus-mediated immunogenicity. Wild-type HIV-1 activates pDC through Toll-like receptor 7 (TLR7), which results in the production of type I interferon (IFN) (4, 15) . Since recombinant lentiviral vectors are often derived from HIV-1, they may trigger similar innate immune responses after in vivo administration. Brown et al. previously demonstrated that type I IFN production upon lentiviral transduction was independent of the envelope pseudotype but dependent on cell entry (10) . An in vitro challenge of antigen-presenting cells suggested that pDC are responsible for this response, with a role for TLR7 and TLR9. Furthermore, the presence of additional elements involved in triggering the innate host response was suggested, as TLR7/9 antagonists are not sufficient to prevent the type I IFN response (10) .
Recently, it was reported that vesicular stomatitis virus glycoprotein (VSV.G)-pseudotyped lentiviral preparations contain tubulovesicular structures of cellular origin, carrying, among others, plasmid DNA used for lentivirus production. These structures triggered TLR9 in pDC, hence inducing type I IFN production (37) .
However, it is generally considered that DC of myeloid origin are critical for inducing effective antitumor immune responses. Nonetheless, the adjuvant effect of lentiviral transduction on myeloid DC remains unclear. Studies with human DC demonstrated some activation, which was dose dependent (9, 17, 41) , mediated by protein kinase R (9, 41) and possibly TLR (9) . Thus far, there are no functional studies on the role of myeloid DC activation during immunization.
Here, we address whether and how lentiviral vectors activate mouse myeloid DC. We show that these DC are activated by lentiviral transduction in cell cultures and in vivo. This activation is dependent on viral entry and reverse transcription and involves TLR engagement and the triggering of proinflammatory signaling pathways. We have further demonstrated that TLR3 and TLR7 play a crucial role in the immunogenicity of the lentiviral vector.
MATERIALS AND METHODS
Cells and mice. 293T cells were grown in Dulbecco modified Eagle medium (DMEM; Gibco) supplemented with 10% fetal calf serum (FCS; Harlan), 100 U/ml penicillin, 100 g/ml streptomycin (Gibco), and 2 mM L-glutamine (Gibco). OT-1 transgenic mice, in which CD8
ϩ T cells express a T-cell receptor (TCR) specific for the SIINFEKL peptide of ovalbumin presented on H2-k b , were bred in-house. Mouse bone marrow-derived DC were prepared from C57BL/6, TRIF knockout (TRIF 22) , and TLR7 Ϫ/Ϫ (21) mice, as previously described (7). C57BL/6 mice were purchased from Harlan and handled according to institutional guidelines. Bone marrow from TRIF Ϫ/Ϫ and MYD88 Ϫ/Ϫ mice were provided by Jean Langhorne and Xuemei Wu, respectively (National Institute for Medical Research, Mill Hill, London, United Kingdom). TRIF/MyD88
, and TLR7 Ϫ/Ϫ mice were a kind gift from Caetano Reis e Sousa (London Research Institute, London, United Kingdom). At day 7 of culture, DC were plated at a density of 1 ϫ 10 6 cells per well in 1 ml of medium containing mouse granulocyte-macrophage colony-stimulating factor (GM-CSF) (20 ng/ml; Peprotech). These DC were either left untreated; matured with 100 ng/ml lipopolysaccharide (LPS) (Escherichia coli serotype O55:B5; Sigma-Aldrich), 12.5 g/ml poly(I:C) (SigmaAldrich), or 2.5 g/ml ssRNA40/Lyovec (Invivogen); or transduced with lentivectors as described below.
Lentiviral vector production, titration, and transduction of DC. (i) Plasmids. The transfer vectors pHRЈtrip CMV GFP SIN (7), pHRЈtrip CMV luc2-IrestNGFR SIN (28), pHRSIN-CSGW, and pHRSIN-Thy1.1 (3) were previously described. For the construction of pDUAL-Thy1.1-IiOVA, the Thy1.1 insert (3) was cloned into the BamHI-NotI restriction sites to replace green fluorescent protein (GFP) in pDUAL-GFP-IiOVA (13) . Both the multiply attenuated packaging plasmid pCMV⌬R8.9 and the vesicular stomatitis virus glycoprotein (VSV.G)-encoding plasmid pMD.G were a kind gift from D. Trono (University of Geneva, Geneva, Switzerland). The mutations in the attachment sites and integrase of packaging plasmid pCMV⌬R8.74 were described previously (2, 24) . The mutations resulting in deficient reverse transcriptase were described previously (25, 33) . The plasmid encoding the murine leukemia virus envelope 10A1 was a kind gift from Wolfgang Uckert (Max Delbrück Center for Molecular Medicine, Berlin, Germany).
(ii) Production and titration. Viruses were produced by the transient transfection of 293T cells with transfer vector-, packaging-, and envelope-encoding plasmids. Transfection was performed by lipofection (39) or calcium phosphate precipitation (7) . Supernatants were collected 48, 72, and 96 h later and pooled, and viral particles were 200-fold concentrated by ultracentrifugation. Viruses were resuspended in phosphate-buffered saline (PBS) containing 10 g/ml protamine sulfate (LeoPharma) and kept at Ϫ80°C until use. Lentivectors were characterized as previously described (2, 7) .
(iii) DC transduction. On day 6, 10 6 DC were resuspended in 100 l of infection cocktail, which contained lentiviral vectors (multiplicity of infection [MOI] of 15) and DC medium supplemented with 20 ng/ml murine GM-CSF (muGM-CSF). These DC were subsequently plated in a 24-well plate and left for 2 h at 37°C in 5% CO 2 . Subsequently, GM-CSF-containing DC medium was added to cultures of cells at a cell density of 10 6 DC/ml. Transductions were performed in the presence of 10 g/ml protamine sulfate (LeoPharma); however, to ensure that the addition of this polycationic agent did not affect DC activation, we also performed several transductions without the addition of protamine sulfate.
Flow cytometry. DC were analyzed by using anti-B7.1-biotin, anti-B7.2-biotin, anti-CD40-biotin (affinity purified and biotinylated in-house), anti-CD11c-allophycocyanin (APC), anti-H-2K b -fluorescein isothiocyanate (FITC), and antiThy1.1-phycoerythrin (PE) (BD). Surface staining was performed as described previously (7) . Biotinylated antibodies were detected with streptavidin-PE-Cy7 (BD). Cells were acquired by use of a FACSCalibur apparatus, and analysis was performed by using CellQuest software (BD).
ELISA. Supernatants from DC cultures were harvested and screened in a sandwich enzyme-linked immunosorbent assay (ELISA) for the presence of interleukin-6 (IL-6), IL-10, IL-12p70, IL-23, tumor necrosis factor alpha (TNF-␣) (eBio- (ii) In vivo bioluminescence imaging. Imaging of firefly luciferase-transduced cells was performed 6, 24, and 48 h after injection. Anesthesia, intravenous injection of D-luciferin, and imaging were performed as described previously (28) .
(iii) DC purification from lymph nodes. Para-aortical and inguinal lymph nodes were harvested 2 days after mice were injected with Thy1.1-encoding lentivectors. These DC were incubated with collagenase (Worthington) and mashed into a single-cell suspension. Fc receptors were blocked before CD11c restricted peptide SIINFEKL (ovalbumin) or SVYDFFVWL (Trp2) (Thermo Electron Cooperation). After two wash steps, these DC were cocultured at a stimulator-to-responder ratio of 1 to 100 with 2 ϫ 10 5 OT-1 spleen cells. Twentyfour hours later, the supernatants were tested for the presence of IFN-␥ by ELISA (eBioscience). T-cell proliferation was measured as described above for allo-MLR.
Evaluation of proinflammatory signaling pathways. To evaluate whether the lentiviral transduction of DC results in the activation of NF-B and signaling via the IFN-␤ promoter, which is mediated by NF-B, AP-1, and IFN regulatory factor (IRF), we applied a lentiviral reporter system. On day 4, DC were plated at 10 6 DC/ml of medium and transduced with lentiviral vectors encoding cherry fluorescent protein or GFP under the transcriptional control of NF-B or the latter together with AP-1 and IRF3 (IFN-␤ promoter). On day 7, the reportermodified DC were either left untreated (background signaling), stimulated with LPS, differently pseudotyped, or treated with reverse transcriptase-deficient lentiviral vectors as described above. Reporter expression was evaluated 4, 24, and 48 h later by confocal microscopy and flow cytometry.
Vaccination, pentamer staining, and in vivo CTL. (i) Vaccination. Six-to eight-week-old mice (five mice per group) were injected subcutaneously in the tail base with 1 ϫ 10 5 wild-type, TLR3
, or TLR7 Ϫ/Ϫ DC, which were transduced with a fusion protein containing the first 80 amino acids of the invariant chain fused to ovalbumin (IiOVA)-Thy1.1-encoding lentiviral vectors. Mice injected with PBS served as controls.
(ii) Pentamer staining. Blood cells collected from the tail vain were treated with red blood cell lysis buffer (Gentra Systems), washed twice in PBS, and subsequently incubated with 5 l of PE-conjugated SIINFEKL/H2-K b pentamer (Proimmune) for 10 min at room temperature.
The cells were washed and incubated on ice with APC-conjugated anti-CD8 (BD) for 15 min. Samples were washed and acquired with a FACSCalibur apparatus by using Cell-Quest software (BD). At least 300,000 events per sample were acquired.
(iii) In vivo CTL. Spleen cells from naive mice were resuspended in Hanks balanced salt solution (HBSS) at 5 ϫ 10 6 cells/ml and pulsed with SIINFEKL peptide at 10 M for 2 h, after which they were labeled with carboxyfluorescein diacetate succinimidyl ester (CFSE) at 5 M. These cells were mixed at a 1:1 ratio with nonpulsed cells that were labeled with CFSE at 0.5 M. Specific lysis of the pulsed cells was analyzed 18 h later by flow cytometry of cells from the spleen. The percent killing was calculated as described previously (12) .
Statistical analysis. Where applicable, we carried out a Kruskal-Wallis test. Differences were considered significant at a P value of Ͻ0.05. Statistical significance is indicated in the figures.
RESULTS
Activation of DC by lentiviral vectors is dependent on cell entry and reverse transcription. In our previous work we evaluated lentiviral vectors as a tool to modify mouse DC ex vivo. We demonstrated that lentivirally transduced DC (MOI of 15) that were additionally treated with LPS for 24 h had characteristics similar to those of LPS-activated nontransduced DC (7). When we recently compared lentivirally transduced DC (no additional LPS) to immature DC, we noticed that the former DC were activated. As DC play a pivotal role in detecting pathogens (27) , we decided to further examine the activation of DC by lentiviral vectors in vitro. Immature DC and LPS-stimulated DC (24 h, mature) served as controls. On average, 79% Ϯ 10% (n ϭ 5) of DC were transgenes 24 h after transduction. These lentivirally transduced DC showed levels of expression of antigen-presenting and costimulatory molecules (Fig. 1a) as well as several cytokines (Fig. 1b) similar to those of LPS-activated DC. Moreover, they showed similar allogeneic T-cell-stimulatory capacities (Fig. 1c) . DC activation was sustained until 72 h posttransduction. We further demonstrated that the activation was not due to a contamination of the viral preparation with endotoxins (Ͻ0.1 endotoxin units [EU]/l) and that it was independent of the lentiviral vector production, processing, or transduction protocol (data not shown).
Subsequently, we determined which element-cell entry, viral envelope, and/or virus activity-is mediating the DC activation. Therefore, DC were incubated with heat-inactivated lentiviral vectors, lentiviral vectors pseudotyped with a murine leukemia virus glycoprotein (10A1) or the vesicular stomatitis virus glycoprotein (VSV.G), or lentiviral vectors containing an inactive reverse transcriptase or integrase mutant. The incubation of DC with heat-inactivated lentiviral vectors did not result in transgene-positive cells or DC activation (data not shown). We further observed that both vector pseudotypes as well as the integrase-deficient lentiviral vectors activated DC (data not shown). Interestingly, DC transduced with reverse transcriptase-deficient lentiviral vectors displayed less phenotypical activation (Fig. 2a) . More importantly, these DC produced high levels of TNF-␣, whereas they were impaired in their ability to produce IFN-␤ (Fig. 2b) . This was not unexpected considering that IFN-␤ production is mediated by TRIF, a signal adaptor molecule downstream of TLR3 (and TLR4). Since TLR3 recognizes double-stranded nucleic acids, a lentiviral life cycle intermediate that is formed after reverse transcription, we would not expect high levels of IFN-␤. These data indicate that vector components can activate DC but that full activation is dependent on viral reverse transcription activity. In vivo-transduced DC have a mature phenotype and function. We previously demonstrated that the subcutaneous administration of lentiviral vectors results in transgene-positive cells in the draining lymph node (12) . It was further demonstrated that these transgene-positive cells are, among others, DC (14, 18) . Here, we wanted to compare in vivo-transduced DC found in the lymph node to those of control mice in terms of activation.
To determine the time point for the evaluation of lentivirally transduced and migrated DC in the lymph node, we tracked transduced cells by administering lentiviral vectors encoding firefly luciferase into the footpad (10 7 TU/20 l). We then monitored transduced DC by in vivo bioluminescence imaging 6, 24, and 48 h later, because this technique was previously used to track transduced DC (28) . Light emission was observed at the site of injection and at the draining lymph node region at all evaluated time points. After the last imaging, the popliteal lymph node was isolated and imaged for 2 min, demonstrating the presence of firefly luciferase-expressing cells (Fig. 3a) .
To specifically analyze the phenotype of in vivo-transduced DC, we subcutaneously administered Thy1.1-encoding lentiviral vectors or PBS (control) to Thy1.2 mice. Lymph nodes were removed 36 h later, and DC were sorted. Cells were stained for Thy1.1 and activation markers. On average, 2.5% Ϯ 0.6% (n ϭ 3) of lymph node DC from lentivirus-immunized mice stained positive for Thy1.1 (Fig. 3b) . These DC showed an enhanced expression of CD40 and CD86 compared to Thy1.1-negative DC, which in turn were more activated than DC from control mice (Fig. 3c) . Curiously, a higher percentage of Thy1.1-positive DC stained positive for major histocompatibility complex (MHC) class II than did control DC. It must be noted that these DC had a lower level of MHC class II expression (mean fluorescence intensity [MFI]), an observation that was also made upon the in vitro transduction of DC (Fig. 1a) . However, this finding was not unexpected, as MHC class II molecules are retained intracellularly and are exposed to the cell surface upon maturation without de novo synthesis (38) . In fact, MHC class II transcription is inhibited upon maturation (23, 46) . Therefore, we would expect an increase in the number of MHC class II-positive DC but not the amount of MHC class II upon strong activation.
We further demonstrated the production of TNF-␣ by the DC obtained from lentiviral vector-immunized mice but not control DC (Fig. 3d) . Finally, we demonstrated that DC from lentiviral vector-immunized mice were more potent in the antigen-specific stimulation of OT-1 T cells (proliferation and production of IFN-␥) than DC from mice injected with PBS (Fig. 3e) . These data suggest that the activation observed in vitro is not an artifact but is relevant in vivo and is a first explanation of the lentiviral vector potency as a therapeutic cancer vaccine.
Lentiviral transduction of DC results in signaling via proinflammatory pathways. To confirm that the lentiviral transduction of DC resulted in the recognition of viral components and, as such, triggers signaling pathways linked to DC activity (8), we assessed the activation of an NF-B-dependent promoter and an IFN-␤ promoter upon transduction. It is well established that the latter's activity is mediated by NF-B, AP-1, and IRF. Day 4 DC were lentivirally transduced to contain a cherry fluorescent protein or GFP reporter gene under the transcriptional control of the NF-B-dependent promoter or IFN-␤ promoter, respectively. On day 7, the reporter-modified DC were either left untreated, stimulated with LPS, differently pseudotyped, or treated with reverse transcriptase-deficient lentiviral vectors. Reporter expression was evaluated 4, 24, and 48 h later by confocal microscopy and flow cytometry. NF-B, AP-1, and IRF signaling was clearly observed in transduced cells irrespective of the pseudotype (data not shown) and followed a pattern similar to that of upregulation upon LPS stimulation, showing activity as soon as 4 h posttransduction (Fig. 4) . The fact that we observed reporter expression at this early time point suggests that the transcription factor activity is triggered upon the recognition of viral components and is not a result of secondary signaling events.
Interestingly, reverse transcription was shown to be essential for the strong upregulation of transcription factors (Fig. 4) , confirming the critical role for reverse transcriptase activity to maximally upregulate stimulatory molecules and the production of IFN-␤ (Fig. 2) .
Activation of DC by lentiviral vectors is dependent on TRIF and MyD88. The DC maturation and activation of proinflammatory signaling pathways indicated that lentiviral vectors were detected by pattern recognition receptors on myeloid DC. In fact, we previously demonstrated with a 293T reporter assay that lentiviral vectors can trigger TLR (9) .
To assess the contribution of TLR to lentivirus-mediated DC maturation, we transduced DC deficient for the adaptor proteins TRIF and/or MyD88, since all TLR use at least one of these for signal transduction. The upregulation of maturation markers was observed for wild-type, TRIF Ϫ/Ϫ , or MyD88 Ϫ/Ϫ DC upon LPS or lentiviral stimulation (Fig. 5a ). In contrast, TRIF/MyD88 Ϫ/Ϫ DC were not matured with LPS or upon lentiviral transduction, although these DC were matured with TNF-␣, a TLR-independent stimulus (Fig. 5b) . This finding indicates that TLR signaling strongly contributed to DC maturation. Moreover, we observed TNF-␣ production upon the lentiviral transduction of wild-type, TRIF Ϫ/Ϫ , and MyD88
Ϫ/Ϫ DC but not TRIF/MyD88 Ϫ/Ϫ DC (Fig. 5c ). The secretion of IFN-␤ was observed for wild-type and MyD88 Ϫ/Ϫ DC but was abrogated in TRIF Ϫ/Ϫ and TRIF/MyD88 Ϫ/Ϫ DC (Fig. 5c ). This was expected since TRIF is an essential adaptor for IFN-␤ induction. The lack of TRIF/MyD88 Ϫ/Ϫ DC activation demonstrates a critical role for TLR in lentivirus-mediated DC activation.
Lentiviral DC activation is TLR3 and TLR7 mediated and explains their immunogenicity. We hypothesized that two of the most likely TLR candidates for the recognition of lentiviral vectors by DC are TLR3, which is involved in IFN-␤ induction, and TLR7, which is involved in proinflammatory cytokine production. To address this issue, we first stimulated wild-type, MyD88 Ϫ/Ϫ , and TRIF Ϫ/Ϫ DC with lentiviral vectors and, as a comparison, poly(I:C), a well-known TLR3 agonist, or ssRNA40/Lyovec, a commonly applied TLR7 trigger (n ϭ 2). Phenotypical analysis revealed that wild-type DC were activated by all stimuli, which was expected, since these DC contain the involved TLR and adaptor molecules. As shown previously, LPS induced the activation of MyD88 Ϫ/Ϫ and TRIF Ϫ/Ϫ , demonstrating that these DC can efficiently mature. MyD88 Ϫ/Ϫ DC did not respond to ssRNA40/Lyovec (TLR7), whereas stimulation with poly(I:C) (TLR3) resulted in activation similar to that with stimulation with lentiviral vectors. TRIF Ϫ/Ϫ DC did not mature with poly(I:C) but responded to ssRNA40/Lyovec similarly to lentiviral vectors. These data are a first hint that both TLR3 and TLR7 are involved in the observed lentivirus-mediated activation (Fig. 6a) .
To further assess the role of TLR3 and TLR7 in lentivirusinduced DC activation, we transduced TLR3 Ϫ/Ϫ and TLR7
Ϫ/Ϫ DC. Interestingly, both TLR Ϫ/Ϫ DC upregulated CD86 (Fig. 6b ) as well as the other evaluated markers (data not shown) to an extent similar to that of wild-type DC after lentiviral transduction. Curiously, maturation was abrogated when TLR7 Ϫ/Ϫ DC were transduced with reverse transcriptase-deficient lentivectors (Fig.  6b) . This demonstrates the necessity of lentivector life cycle intermediates to possibly activate TLR3. A role for TLR3 was further supported by the lack of high TNF-␣ and IFN-␤ levels in TLR3 Ϫ/Ϫ cultures (Fig. 6c) . Moreover, a role for TLR7 was suggested, since TLR7 Ϫ/Ϫ DC produced only low levels of TNF-␣, although they were able to produce IFN-␤ (Fig. 6c) .
Several groups reported the synergy between TLR3 and TLR7 signaling in DC activation (35) and the subsequent induction of immune responses (45) . To assess whether TLR3 and TLR7 are involved in lentiviral vector immunogenicity, we immunized C57BL/6 mice with wild-type, TLR3 Ϫ/Ϫ , and TLR7 Ϫ/Ϫ DC, which were lentivirally transduced to encode a model transgene containing ovalbumin epitopes. The expansion of ovalbumin-specific CD8 ϩ T cells upon immunization with wild-type transduced DC was evident as assessed by pentamer staining (pentamer H2-K b -restricted peptide SIINFE KL). In contrast, this expansion was impaired in mice immunized with either TLR3 Ϫ/Ϫ or TLR7 Ϫ/Ϫ DC transduced to a similar extent with the same lentiviral vector (Fig. 6d, e, and f) .
To confirm these results on a functional level, we further performed an in vivo lysis assay, demonstrating the maximal lysis of target cells in mice immunized with wild-type DC (Fig.  6e and f) . Moreover, we demonstrated that immunization with the respective TLR Ϫ/Ϫ DC does result in the induction of CTL but to a lesser extent than with wild-type DC (Fig. 6e and g ). Interestingly, as already suggested by the results of the pentamer staining, we observed that TLR7 Ϫ/Ϫ DC performed better than TLR3
Ϫ/Ϫ DC, suggesting that TLR3 plays a more pronounced role in DC activation (Fig. 6e and g ).
These data demonstrate the involvement of both TLR3 and TLR7 in the activation of DC upon lentiviral transduction. Moreover, this combined TLR activation is shown to be of importance for the induction of antigen-specific CD8 ϩ T-cell responses.
DISCUSSION
In the present study we investigated the effect of lentiviral transduction on myeloid DC, both in culture and in vivo, demonstrating their activation. This idea was instigated by the observation that tumor antigen-encoding lentiviral vectors are a successful off-the-shelf antitumor vaccine (11, 12, 14, 19, 29, 31, 32, 36, 39, 44) , even though they are devoid of viral genes and therefore considered to be nonimmunogenic (6) . Whereas several studies have addressed the contribution of pDC to the observed immune response (10, 37) , none of them assessed whether myeloid DC are involved and, if so, which mechanisms are at the basis of the immune response. Nevertheless, it is the latter DC type that is believed to induce potent antitumor T-cell responses (8) . Here, we demonstrate in vitro and in vivo that myeloid DC transduced with lentiviral vectors are activated. Furthermore, we show a critical role for reverse transcription in lentivirus-mediated DC activation. More importantly, we have demonstrated that this DC activation is critically dependent on TLR, in particular TLR3 and TLR7, and that this combined TLR triggering strongly contributes to lentiviral vector immunogenicity.
Several groups have reported the lentiviral transduction of mouse bone marrow-derived DC. In those reports, it was shown that lentiviral transduction did not hamper the subsequent maturation of these DC with strong stimuli, such as inflammatory cytokines, LPS, or CpG oligonucleotides (7, 14, 34, 48) . Only He et al. investigated whether the lentiviral transduction of DC in itself resulted in DC activation (20) . In contrast to our data, He et al. did not observe enhanced CD86 expression or IL-12 secretion. However, it must be noted that the transductions were performed at day 2 of culture (DC precursors), whereas we performed the transductions at day 7 (differentiated DC), and that this difference in timing could account for the observed difference in activation (20) . Impor- tantly, our data are in agreement with data reported previously for the activation of human monocyte-derived DC by lentiviral vectors (9, 41) . A dose-dependent activation of human DC was demonstrated upon lentiviral transduction. Moreover, it was shown previously in a reporter assay that lentiviral vectors can engage TLR (9) . Although the latter was not directly assessed with DC due to technical hurdles, it demonstrates the value of our current findings. Previously, it was shown that the direct administration of lentiviral vectors results in the transient production of type I IFN and that pDC are partially responsible for this cytokine production (10) . However, the role of myeloid DC was not addressed. We demonstrate that myeloid DC can produce IFN-␤ upon lentiviral transduction. Moreover, using different protocols and differently pseudotyped vectors, we demonstrated that type I IFN production by myeloid DC was, in contrast to pDC, independent of contaminants such as tubulovesicular structures present in VSV.G-pseudotyped lentiviral preparations (37) . Interestingly, using deficient reverse transcription mutants, we demonstrated that IFN-␤ production was dependent on reverse transcription, possibly by doublestranded intermediates and their sensing receptor(s).
Besides type I IFN production, it was shown previously that in vivo lentivector administration results in the production of proinflammatory cytokines (43, 44) . It was suggested that transduced CD11c ϩ DC were responsible. We now demonstrate that in vivo-transduced DC isolated from mice vaccinated with lentivectors produce TNF-␣. Importantly, in agreement with the above-mentioned studies, we demonstrated the necessity for cell entry and viral replication but not integration for full DC activation. The need for viral reverse transcription was true for phenotypical activation and TNF-␣ production and, moreover, was critical for the IFN-␤ response, which was almost absent upon transduction with reverse transcriptiondeficient lentiviral vectors. This need for reverse transcription activity points toward an important role for double-stranded nucleic acid-sensing receptors within the myeloid DC.
The experiments carried out with TRIF Ϫ/Ϫ DC further emphasize the need for such a receptor. The absence of TRIF, an adaptor molecule employed solely by the double-stranded RNA sensor TLR3 (with the exception of TLR4) (1), does not result in the production of IFN-␤ and, as such, suggests a role for TLR3. The experiments carried out with TRIF/MyD88
Ϫ/Ϫ DC demonstrate that the observed DC activation is most likely dependent on TLR but not cytosolic pathogen recognition receptors. Since lentiviral vectors have potential ligands for TLR3 as well as TLR7 (1), the receptors mediating type I IFN and proinflammatory cytokine production, respectively, we further examined the role of both TLR in the observed DC activation. A role for TLR7 was demonstrated since TLR7 Ϫ/Ϫ DC transduction resulted in low levels of proinflammatory cytokine production. These observations are in line with data from studies of pDC, where wild-type (4, 15) and recombinant (10, 37) lentiviral vectors were shown to interact with TLR7. Here, we show that TLR7 is also involved in the activation of myeloid DC. Importantly, the transduction of TLR7 Ϫ/Ϫ DC did not affect IFN-␤ production, suggesting the existence of an additional trigger. Moreover, we showed that the latter was critically dependent on reverse transcription and, thus, the formation of double-stranded life cycle intermediates, since no activation whatsoever was observed upon transduction with deficient reverse transcriptase lentiviral vectors. For pDC, it was previously shown that TLR9, which is located in the endosomes and engaged by CpG DNA, is involved in pDC activation by VSV.G-pseudotyped lentiviral vectors (1, 10) . However, TLR9 is not expressed in myeloid DC (1), and a more likely candidate is TLR3, which can interact with virally derived double-stranded RNA. Our previous results, i.e., the necessity for reverse transcription and TRIF for the production of IFN-␤, already suggested that TLR3 might be the missing link. The transduction of TLR3 Ϫ/Ϫ DC confirmed this hypothesis. The TLR3 Ϫ/Ϫ DC produced low to undetectable amounts of TNF-␣ and IFN-␤, emphasizing the need for TLR3 for full DC activation. In conclusion, TLR3 signaling and TLR7 signaling via TRIF and MyD88, respectively, are critical for the activation of myeloid DC by lentivectors.
Importantly, it was demonstrated previously that the simultaneous engagement of different TLR on DC, among which are TLR7 and TLR3, results in the production of type I IFN and the activation of the NF-B pathway (16) . These results are similar to what we observed upon lentiviral transduction. Moreover, it was demonstrated previously by similar studies with DC and TLR agonists that this combined stimulation evokes a sustained activation of DC and enhances effector T-cell functions (35, 45) . We confirmed these data showing that lentivirally transduced TLR3 Ϫ/Ϫ or TLR7 Ϫ/Ϫ DC do induce an immune response to the model antigen ovalbumin but to a lesser extent than wild-type DC, which are simultaneously activated by TLR3 and TLR7.
In conclusion, we have presented evidence that recombinant lentiviral vectors initiate adaptive immune responses to the delivered transgene through a TLR-dependent activation of myeloid DC. These data have important implications for the use of lentiviral vectors as a treatment modality for cancer and infectious diseases as well as autoimmunity and allow the rational design of strategies to enhance or suppress immune activation, respectively.
